The massive electric power blackout in the northeastern U.S. and Canada on August [14] [15] 2003 catalyzed discussions about modernizing the U.S. electricity grid. Industry sources suggested that investments of $50 to $100 billion would be needed. This work seeks to better understand an important piece of information that has been missing from these discussions: what do power interruptions and fluctuations in power quality (power-quality events) cost electricity consumers?
Introduction
The highly publicized power outage in the Northeastern U.S. and Canada on August [14] [15] 2003 produced criticism that the U.S. power system was "antiquated", comparable to that of a "ThirdWorld nation", and in need of modernization [1, 2] . Qualitative critiques of the power system have been published [3, 4] , but these assessments have largely neglected to quantify an important piece of information: how much do power interruptions and fluctuations in power quality (power-quality events) actually cost electricity consumers? Accurately estimating this cost will help assess the potential benefits of investments in improving the reliability of the grid. This work develops a bottom-up approach for estimating this cost in order to better understand the significance of uncertainties inherited in these estimates.
There have been several efforts to assess the cost of power interruptions and power quality. In 1992, Keane and Woo [5] applied customer outage costs to derive an optimal reserve margin for generation that minimizes the sum of customer outage and generation capacity costs. The resulting optimal reserve margin is compared with and determined to be less than the one implied from the commonly used "1-day-in-10-years loss-of-load" criterion. Because very few data were available on outage costs, rules of thumb were widely used to derive the estimates in the study.
Shortly after, the Electric Power Research Institute (EPRI) reported the first ever power-qualitycost estimate of $26 billion per year for the U.S.
1 [6] . However, power quality is only a subset of reliability events that affect customers and does not include losses of power for periods longer than a few seconds. In addition, the estimate does not address the residential and commercial sectors. Finally, the estimate is based on the assumption derived anecdotally from professional judgment that 1.5 to three cents of spending per dollar sales went to power-quality equipment.
Later, EPRI extrapolated from this figure and began reporting power-interruption costs of $50 billion per year [7] .
During the same period, a U.S. Department of Energy (DOE) study published cost-of-reliability estimates ranging from $150 to $400 billion per year, based on an extrapolation from a value-ofservice study of the Duke Power service territory to the entire U.S. [8] . Sources of potential error and bias in this estimate include the extrapolation from a single utility service territory to the entire U.S. and the focus only on costs to the industrial sector [9] .
In 2001, Eto et al. [10] performed a scoping study of electricity reliability trends in the U.S., which began by updating a comprehensive list of literature on electricity reliability costs. The report also described three distinct end-use approaches for tracking trends in reliability needs and presented an insurance industry perspective on electricity reliability as an example of a financial tool for addressing customers' reliability needs.
Finally and most recently, EPRI estimated the national cost of power interruptions including power-quality events at $119 billion per year [11] . The estimate is based on a limited national survey of selected customer groups asking these customers to estimate costs for several distinct power-outage scenarios. Key assumptions of this study, which are reviewed in LaCommare and 1 Billion refers to 10 9 U.S. dollars.
Eto [12] , are that the costs experienced by the non-surveyed customer groups (excluding residential customers) were 25 to 50 percent of the costs experienced by the surveyed population.
Costs to residential customers were not estimated. The outage cost scenarios all asked customers to estimate costs they would experience on summer weekday afternoons, which is the time when customers typically reported the highest costs from outages.
These studies have helped improve our understanding of the sources of uncertainty associated with estimating customer outage costs, which is essential for valuing the overall cost of power interruptions to U.S. electricity customers. However, little has been done to analyze systematically the significance of these uncertainties.
A number of recent analyses, which seek to improve energy demand forecasts, are suggestive of an approach that may facilitate and improve our ability to understand the cost of power interruptions and power-quality events using a bottom-up approach. In particular, research using end-use approaches has improved our understanding of how energy is used. For example, Turiel et al. [13] estimates the energy intensity of major end uses in the commercial sector using an end-use approach, work that is important to understanding how each end use contributes to the overall demand for electricity in the commercial sector. Bottom-up analyses such as these, allow for more accurate estimates of energy consumption patterns and help improve the modeling accuracy of energy forecasting models. Chateau and Lapillonne [14] stress the importance of end-use models and approaches as an important tool for forecasting energy demand in long term energy planning. Our work builds upon the analytical rigor and strengths inherent in these bottom-up approaches for energy analysis by adapting it to improve our understanding of the cost of outages.
In the work described in this article, we developed a bottom-up approach for estimating the cost of power interruptions to U.S. electricity consumers. We illustrated the use of the approach by drawing on existing data from a variety of sources to develop a new ("base case") estimate of the total economic cost to U.S. electricity consumers (not including power quality events.) We examined uncertainties and gaps in the information used to develop our estimate as one application of our end-use approach in order to define the degree of variability that might be expected in future estimates. Based on the identified uncertainties, we prioritized future datacollection activities whose results can be used to refine estimates of outage costs.
A Bottom-Up Approach for Estimating the Economic Cost of Power Interruptions and Power-Quality Events
A key aspect of our work is the development of a bottom-up approach for estimating the economic costs of power interruptions and power-quality events to U.S. electricity consumers.
The framework relies on a simple mathematical expression that determines the economic cost of power interruptions and power-quality events as follows:
Cost of Power Interruptions and Power Quality = The simplicity of this formula belies the complexities involved in estimating each of the four parameters in equation (1) . Indeed, the data used to estimate the parameters are often difficult to define clearly. The following subsections outline current limitations on availability of the data needed to estimate each parameter, while section 3 describes the process we used to collect these data for our study.
Customer Data
The number of customers considered in estimating the cost of power interruptions or powerquality events will have a significant impact on the magnitude of the estimate. Substantial uncertainty can result from differences in how customers are defined. In the U.S., customers may be defined in any of the following ways: (1) as a single electricity account with one (or more) meter(s), such as a single-family detached residence; (2) as a single site/facility with multiple accounts, each possibly consisting of multiple meters, such as an apartment building; or (3) as multiple premises under common ownership, each with one or more accounts/meters, such as a chain of retail establishments. It is important to note that customers do not equal people and that one electricity customer often refers to one household, residence, or commercial or industrial facility or business.
Reliability Event Data
Although many U.S. utilities maintain detailed records of customer outage experience, these data are usually reported in summarized form as two reliability-event indices [15] : the System Average Interruption Duration Index (SAIDI) and System Average Interruption Frequency Index (SAIFI). SAIDI and SAIFI describe the duration and frequency, respectively, of sustained interruptions experienced by customers of a utility in one year [16, 17] . According to the Institute of Electrical and Electronics Engineers (IEEE), a "sustained interruption" is any interruption that lasts at least five minutes and is not classified as "momentary". Consistent with IEEE's definition of a sustained interruption, a momentary outage is defined as any event lasting less than five minutes.
SAIDI represents the average duration of customers' power interruptions, while SAIFI represents the average number of interruptions per customer per year for a specified electricity supply system. We used SAIDI and SAIFI data to quantify the duration and frequency of sustained electricity interruption events for a typical year. We also used the Momentary Average
Interruption Frequency Index (MAIFI) index, which is a useful measure for assessing the frequency of momentary interruptions; however, these data are not as commonly collected.
Unfortunately, SAIDI, SAIFI, and MAIFI data do not distinguish among the types of customers experiencing reliability events. Because of the way electricity distribution systems are designed and operated, larger commercial and industrial customers in some areas may experience fewer and shorter power interruptions than smaller commercial and residential customers [18] .
Power quality, or the degree to which voltage and current deviate from a perfect 60-cycle sinuosoid, has emerged as an important issue in recent years. Despite the growing importance of power-quality events as a category of reliability events, there is even less information available on these events than on power outages. There has been only one comprehensive study of power quality, and the data collected for it are now more than a decade old [19] . Currently, there are no ongoing public-domain data-collection efforts for power quality [17] . Hence, although the bottom-up approach we designed allows for consideration of power-quality events, the lack of sufficient power-quality data prevented us from considering these events in our base-case estimate.
Cost per Outage Data
Estimating customer outage costs involve several sources of uncertainty, two of which pertain to the accuracy of the cost measurement as well as how representative the estimate is of the area it covers. Typically, outage-cost estimates are based on what customers say they will experience under different hypothetical outage circumstances in surveys [9] . The key source of uncertainty in these estimates is the degree to which the costs customers report for hypothetical circumstances correspond with the actual costs they would experience [20] . No studies have attempted to validate the results obtained from these surveys, yet this is a significant source of uncertainty in the cost estimates that have been prepared to date. Another important source of uncertainty inherent to customer survey data is small sample size; this can lead to significant errors if the sample is insufficient to appropriately represent the population. A common manifestation of this uncertainty arises from extrapolation to a wide geographic area from a smaller subset that is not representative of the wider geography.
Assessing actual costs is complicated by the differing impacts of reliability events on various classes of customers -residential, commercial, and industrial. Costs experienced by nonresidential customers or firms are, in principle, simpler to estimate than the difficult-to-quantify "hardship" costs experienced by residential customers. Basic accounting categories for commercial customers, such as labor and materials costs and revenue losses, are straightforward (though not necessarily easy to use) to apply in determining the cost of work interruptions caused by power losses. Residential-sector costs, however, include elements such as the cost of consumable goods (e.g. flashlights and candles) and inconvenience costs (e.g. resetting clocks, changing plans, and coping with inconvenience, fear, anxiety, etc.).
A subtle issue that is gaining recognition is that business losses are not always directly proportional to the duration of a reliability event [21] . In such cases, the key factor is the length of business or production downtime caused by an outage of any length. For example, a partial loss of voltage or a voltage sag can cause the same amount of downtime as a complete loss of power, if, for example, machines need to be rebooted or production processes need to be restarted. This issue poses a major challenge in estimating the economic cost of power interruptions and power-quality events.
Vulnerability
The economic cost and perceived risk of reliability events has led many customers to invest in a wide variety of technologies and measures to reduce their vulnerability to these events. Back-up or stand-by generators are probably the most well known customer investments; smaller investments like strip-surge protectors should be considered in this same category, however. In between are a host of energy-storage technologies, such as batteries and flywheels, which can reduce a customer's vulnerability to power interruption and power-quality events.
Comprehensive, national data on these investments are lacking. Hence, in the illustrative example presented in the next section, we did not explicitly consider the potential of these measures to reduce customers' vulnerability to reliability events. That is, we implicitly set this factor to be equal to 1.0.
Deriving a New Estimate of the Economic Cost of Power Interruptions to U.S. Electricity Consumers
Having established our framework, we applied it to develop a new estimate of the cost of power interruptions, based on a review of the best data available in the public domain (the "base case").
As described earlier, even the best data available have important limitations and our new estimate ultimately represents a mix of nationally aggregated and regional data components.
Customers by Class and Region
We used residential, commercial, and industrial electricity demand sectors to describe customer classes as shown in Table 1 . Customer population data were taken directly from the Energy Information Administration (EIA) Electric Sales and Revenue publication [22] . The data are
reported for the year 2001 by state and demand sector. We partitioned the U.S. into regions so that we could represent variations in outage costs as a function of differences in the population.
The regions correspond to U.S. Census Divisions as mapped by EIA, with a slight variation in the Pacific; we extracted California, where most of the Pacific region population resides, and treated it as a separate region.
Duration and Frequency of Reliability Events
Despite the existence of well-defined indices for a majority of reliability events, reliability event data are not collected systematically or consistently. The National Regulatory Research Institute reports that only 23 of 40 surveyed states require annual reporting of reliability statistics [23] . As a result, deriving reliability event data on a national scale is a challenge.
We conducted an Internet search to gather publicly available reliability-event data. To address biases introduced by extreme outlying values, we used "trimmed means": we removed the highest and lowest five percent of observations and then calculated the means of the reduced observations [24] . Table 2 shows the trimmed means and standard deviations for SAIDI, SAIFI, and MAIFI used for our base case calculation. Trimming the data sets had a noticeable effect on the resulting average duration of outages in the U.S. 2 Because our Internet search did not produce adequate data for all regions, national reliability event data were used in the base case with regional considerations presented in our sensitivity analysis.
Several other studies have also examined national SAIDI, SAIFI, and MAIFI statistics (see Table   3 ). Our calculated trimmed means of 106 minutes, 1.2 sustained interruptions, and 4.3 momentary interruptions for SAIDI, SAIFI, and MAIFI, respectively, are very similar to the estimates reported from these studies.Our data thus appear to be reasonable inputs for calculating the cost of power interruptions to U.S. electricity customers.
Since we did not find similarly comprehensive data on the frequency of power-quality events, we elected to exclude the costs of these events in our base-case estimate.
Cost of Reliability Events
Limited information is available on the cost of reliability events. The cost data is taken from a recent analysis of the cost of power interruptions to customers [9] . The study is a meta-analysis 2 When we removed the outliers, the SAIDI average decreased by 13 percent, from 122 to 106 minutes, but the SAIFI and MAIFI means changed very little. The standard deviation for both SAIDI and SAIFI were roughly halved when the outlying 10 percent of the data points were removed; the MAIFI standard deviations were reduced by more than 10 percent f. This suggests that trimming the highest and lowest five percent of data points helped to improve significantly the robustness of our means. 
Base-Case Estimate of the Economic Cost of Power Interruptions
We find that, based on publicly available data and subject to the limitations discussed in this section, the economic cost of power interruptions to U.S. electricity consumers is $79 billion annually. Figure 3 also compares our regional estimates to the population of commercial and industrial customers in each region to determine how well correlated the regional estimates are to population density. 3 The differences in the total costs by region appear to correspond well to these regional population differences. In the South Atlantic region, the higher total cost is clearly linked to the large population. The lowest total costs are seen in the Pacific and New England regions where the customer populations are the smallest.
These findings point to the underlying parameters (i.e., customer definitions and populations, outage characteristics, and outage costs) that likely have the greatest influence on our estimate.
Next, we explore the sensitivity of each of these parameters to understand better the effects of their inherent uncertainties on the total cost of power interruptions.
Using Sensitivity Analysis to Explore Uncertainty in Power Interruption Cost Estimates
To understand the impacts of uncertainty on results from our bottom-up approach, we performed a sensitivity analysis in which we varied the key parameters to quantify their impact on our results. This sensitivity analysis expresses the degree of uncertainty associated with the input parameters as well as the variability in the resulting cost estimate. Figure 4 shows the resulting total cost of power interruption estimates for each of the following sensitivity analyses, in which we varied:
1. The duration and frequency of reliability events and the cost per outage per customer by region, using the limited region-specific data we collected;
2. The duration and frequency of reliability events by one standard deviation greater and less than the values used in our base-case estimate;
3. The value of outages based on two assumptions of their timing--whether they occur on a summer weekday afternoon or summer weekend night; and 4. The duration and frequency of reliability events experienced by commercial and industrial sectors to reflect the fact that they tend to be disproportionately shorter in duration and of decreased frequency relative to events experienced by the residential sector.
We found that the annual cost of power interruptions:
• Could be as low as $22 billion or as high as $135 billion when we consider a reasonable range in the annual duration and frequency of power interruptions, which accounts for gaps in the data for certain regions and possible year-to-year variations in reliability;
• Could be as high as $119 billion if, as many studies (incorrectly) assume, all reliability events take place during summer weekday afternoons when power usage and costs are high;
• Could be as low as $23 billion if the typically fewer and shorter interruptions experienced by larger commercial and industrial customers are accounted for, which is the result of the design of many utility distribution systems; and
• Is relatively insensitive to regional variation in reliability event and outage cost data-the $90 billion estimate accounting for this variation is only 14 percent higher than the base-case estimate that used U.S.-averaged values.
Each sensitivity exercise helped shed light on key uncertainties associated with calculating the cost of power interruptions. The modest impact of regional differences suggests that climate and the distribution of customers by class across the country has a limited impact on the overall cost of power interruptions in the U.S. However, we detected significant differences in the other three sensitivity studies. Changing the base-case SAIDI, SAIFI, and MAIFI values by just one standard deviation, changes the overall estimate by one order of magnitude, from $22 billion to $135 billion annually. This illustrates the large effect that outage duration and frequency, which can realistically be expected to vary within this range, have on the overall cost. Assumptions about the timing of events have almost as large an impact, mainly because commercial and industrial customers' outage costs depend on whether events occur during their operating hours.
This demonstrates the importance of using time-representative outage costs when calculating total costs. Finally, the total cost estimate is dramatically lowered when we account for higher levels of electric reliability typically enjoyed by industrial sector customers relative to commercial and residential customers. This variable, too, has a significant influence on overall cost-of-power-interruptions estimates and should be accounted for in future analyses.
Conclusion
Our analysis establishes a bottom-up approach for systematically comparing and analyzing estimates of the economic cost of power interruptions and power quality to U.S. electricity customers. Using this approach, our base-case estimate of the annual cost for power interruptions to U.S. electricity consumers is $79 billion. Our analysis of the uncertainty in this estimate suggests that the costs could be as high as $135 billion or as low as $22 billion based on the particular sensitivity assumptions we employed. Thus, we present these figures not as the final word on the cost of power interruptions, but rather to illustrate the range of variability in estimates, which is directly related to the assumptions on which the estimates are based and the uncertainty inherent to these assumptions. In view of the large range of plausible estimates and the enormous costs associated with the private and public decisions that may be based on them, we encourage policy makers, regulators, and industry to work jointly to undertake activities needed to improve the information available on reliability events and their costs. The cost of such improved data collection would be modest relative to the potential costs of reliability events in the U.S.
Using our bottom-up approach, we find that the majority of outage costs are borne by the commercial and industrial sectors, not the residential sector. Although there are important variations in the composition of customer types within each region of the country, the total cost of reliability events by region tend to correlate roughly with the number of commercial and industrial customers in each region. In addition, costs tend to be driven by the frequency rather than the duration of reliability events. Momentary power interruptions, which are more frequent, have a larger impact on the total cost of interruptions than sustained interruptions, which are less frequent.
Priorities for future improvements in outage cost data collection fall into two broad categories:
better information is needed on customers' reliability experiences and on the cost of power 
